Radionuclide angiography provides a reliable and extremely rapid technic for assessing the physiologic and pathologic features of cardiovascular malformations. Eighty-six infants and children and seven adults have been studied after intravenous infusion of 99mtechnetium with a scintillation camera coupled to a computer-tape storage system. Pulmonary vascular isotope-dilution curves detected the presence or absence of left-to-right intraor extracardiac shunts with great sensitivity. Therefore, the method has especially widespread applicability in the distinction between organic and innocent heart murmurs, in the evaluation of postoperative patients, and in the assessment of the natural course of selected, specific malformations. Moreover, also without resorting to cardiac catheterization, scintillation scanning is capable of defining great artery orientation and position, cardiac chamber position, approximate chamber volumes, and the distribution of pulmonary arterial blood flow. The method described is technically simple, without known risk, is easily applicable to large numbers of patients, and provides clinically important information concerning many forms of congenital heart disease.
chnetium
Indicator dilution technic Radioisotope pulmonary dilution curve in data acquisition and analytic systems for nuclear medicine have refined and enhanced significantly the multiple applications of scanning to assist in the diagnosis and management of congenital cardiac malformations.
In the past we have employed isotopes to quantify the distribution of pulmonary blood flow in patients with a wide variety of acquired and congenital heart diseases in order to determine indirectly the levels of pulmonary venous and arterial pressures,2 3 to evaluate features of the bronchial circulation in patients with cyanotic malformations, and to determine the patency of systemic arterial Circulation, Volume XLV, April 1972 and systemic venous-pulmonary arterial anastomoses. 3 More recently, we have developed scintillation scanning methods that have allowed the quantifications of ventricular volumes,4 an assessment of the site and extent of myocardial infarction,5 and the rapid sequential visualization of alterations in the anatomy of the heart and great vessels. 6 The purpose of the present report is to extend the latter applications to define additional cardiac malformations not previously dealt with, and to assess the reliability of external scintillation scanning for the detection of various shunt lesions in infants and children. Objective documentation of the presence or absence of a circulatory shunt by the rapid and simple scanning method finds its greatest value in obviating the necessity for repeat cardiac catheterization in patients who have undergone surgical closure of their shunt, and to screen and distinguish that large group of patients suspected of having left-to-right shunts from those patients with other forms of heart disease or insignificant functional murmurs. Moreover, the method may be employed to follow serially patients who may experience spontaneous closure of their shunts and those in whom a serial estimate of the magnitude of left-to-right shunting may detect the onset of pulmonary vascular obstructive disease. Table 1 provides a summary of the cardiovascular abnormalities present in the patients studied. Radionuclide angiography and/or the inscription of pulmonary radioisotope dilution curves was performed in a total of 93 patients, seven of whom were adults, with the remaining 86 ranging in age from 1 day to 16 years (average 6.3 years). The validity of using radioisotope dilution curves to assess the presence or absence of left-to-right shunts was analyzed in 44 patients in whom cardiac catheterization provided an anatomic diagnosis and data for quantification of the shunt. In 14 instances, the radioisotope studies preceded hemodynamic evaluation. Six normal subjects, 24 patients with innocent precordial murmurs, and seven patients with heart disease shown at cardiac catheterization to be unassociated with a shunt lesion provided control data. All studies were performed with an Anger scintillation camera ( fig. 1 ). Each patient Circulation, Volume XLV, April 1972 was scanned in the supine position with the detector of the camera placed over the anterior chest wall. The radionuclide used in all of these studies was o99mtechnetium in the form of sterile sodium pertechnetate (99mTcO4-). It was obtained daily in eluting a commercially supplied isotope generator.7 99n'TcO4has a half-life of only 6 hours and no known physiologic side effects.8' 9 The intravenous dose for infants was less than 150 gCi/ lb. The average dose in children did not exceed 3 mCi and was contained in a volume of less than 1 ml. Thus, the potential radiation hazard is quite low10 11 since the patient receives a whole-body radiation dose of 10-14 mrads/mCi of administered 99mTc pertechnetate. In each instance the intravenous administration of the radioactive bolus was followed immediately by a flush of sterile saline. Several sites of injection were employed. In small infants we preferred to cannulate the external jugular vein with a pediatric scalp vein needle; in some infants and in most children the injection was made into an antecubital or femoral vein using a Cournand or 21-gauge needle; in adolescents and adults an antecubital vein was used. In rare instances, the radionuclide bolus was observed to become fragmented after a holdup at the subclavian vein level. In only those patients a polyethylene catheter was advanced percutaneously into the superior vena cava via the brachial vein.
Material and Methods
Immediately following the isotope infusion, rapid, hand-pulled Polaroid exposures were made of the visual scintillation camera display at a rate of approximately one image per second for 8-10 sec. These sequential exposures demonstrated the progression of the radioactive bolus through the cardiac chambers, lungs, and great vessels.
Several different methods of recording data'; 12, 13 were employed to record the flow of the radionuclide through the central circulation ( fig. 1 ). Utilizing one of the systems, the entire dynamic sequence was recorded in "real time" on videotape (Nuclear Chicago Data-Store! Playback Accessory). Upon replay of the magnetic tape, the complete sequence could be reviewed and Polaroid prints obtained at desired intervals. Employing a second system, described in detail elsewhere,1l3 the camera output was fed directly into a dedicated computer-controlled system (Nuclear Data 50/50 MED) and recorded at a rate of 2 or 3 images per second on a seven-track IBM computer compatible digital magnetic tape. A special feature of each of these systems permitted selection of one or more anatomic "areas of interest" from which the analog tracings of changing count rate or flow could be plotted as a function of time ( fig. 2 ). Upon replay of the recorded data these areas of interest were positioned electronically to correspond to a cardiac chamber or great vessel, or a portion of either lung. In the latter position radionuelide pulmonary time-activity, or vascular "dilution curves," were inscribed ( fig. 2 ). When the latter curves were produced, extreme care was exercised to exclude any portion of the heart or great vessels from the areas of interest.
Pulmonary vascular dilution curves were analyzed according to the method of Folse and Braunwald14 (see Fig. 2 ). Tl, the time interval between appearance of radioisotope in the area of interest and the time to peak activity, was first determined. The peak activity (C1) was measured, and again (C2) after a time interval (T2) equivalent to Tl. The ratio of activity C2 to activity Cl was then determined and expressed as a percentage. Count rates rarely exceeded 8000/sec. It was not considered necessary to compensate for nonlinear count rate response15 since the maximum error that may possibly be introduced to the C,/Cl ratio with these methods is only 3% when large doses of 99"'lTcO4-(i.e., 10 mCi) were administered to adults, and is even Figure 1 Computer-controlled digital recording and analytic system used with Nuclear-Chicago Pho/Gamma III scintillation camera (left).
Circulation, Volume XLV, April 1972 Figure 2 (Top) Normal pulmonary radionuclide dilution curve. The image of the right ventricle (RV) and lungs (RL, LL) represents one selected frame from among many sequential 0.5-sec exposures made following injection of the bolus via a central venous catheter into the superior vena cava. The playback image appears coarser than those seen in subsequent figures since each dot now represents a discrete location in a computer's core memory from which timesequential information may be extracted. The intensified rectangular area over the left lung (LL) was chosen as the region from which the time-activity curve (top, right) was generated.
The computer automatically examined each 0.5-sec frame, added all counts from within the region of interest over the left lung, and displayed the sums vertically along the horizontal time axis. Note the rapid drop in the count rate as the bolus leaves the lung region intact, i.e., without an immediate recirculation from the left side of the heart. The descending slope is described as the ratio of the two count rates, Cl and C2, at times T1 and T2, respectively. T1 corresponds to the time from the beginning of the ascending slope to the maximum count rate, and T2 is an equal period of time, as shown.
(Bottom) Left-to-right shunt. This curve, produced in the same way as above, shows a slow decline in count rate (prolonged downslope) caused by the recirculation of a portion of the radioisotope bolus back to the pulmonary circulation, having been shunted through an atrial septal defect. The elevated C2/C1 ratio indicates that a left-to-right shunt of significant magnitude is present, but does not localize the site of the shunt.
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Figure 3
Normal radionuclide angiocardiogram of a 2-year-old child after injection of 99rnTc04into the femoral vein. Each of the serial 1-sec exposures depicts the flow of the radioisotope bolus through the heart and lungs. The bolus first appears in the inferior vena cava (IVC), right atrium (RA), and right ventricle (RV), and then passes out the main pulmonary artery (MPA). The return of the bolus to the left atrium (LA) and left ventricle (LV) is seen several seconds later. Radioactivity in the aorta is seen next following the appearance of radioisotope in the left ventricle. less when substantially smaller doses were injected in children.
Results
Abnormal Cardiac Anatomy Figure 3 illustrates the sequence of images obtained from the study of a normal 2-yearold child after injection of 99mTc pertechnetate into the femoral vein. During radioisotope passage through the right heart chambers the position of the right ventricular outflow tract and pulmonary artery is evident. The levogram clearly detects a pulmonary venous phase and the normal position of the left ventricle and aorta. In contrast, figure 4 shows the altered position of the great arteries in an 11-month-old patient whose only malformation is L-transposition of these vessels. The Figure 4 Corrected transposition of the great arteries in an 11-month-old infant. The radioisotope bolus was injected into the femoral vein. The inferior vena cava (IVC) and right atrium (RA) are detected initially. Radioisotope then appears in the morphologic, right-sided left ventricle (LV) and enters a medially displaced main pulmonary artery (MPA). Subsequently, the radioisotope bolus returns from the lungs to the left atrium (LA) and then passes to a left-sided right ventricle (RV). The aorta arises from the morphologic right ventricle and occupies the left supracardiac border (L-transposition).
radionuclide study reveals the two fundamental anatomic derangements, inversion of the ventricles and transposition of the pulmonary trunk and aorta. The more medially placed pulmonary trunk exits from the right-sided left ventricle, and the displaced ascending aorta comprises the left supracardiac border. Ventricular inversion was less readily apparent in four additional patients with L-transposition and associated intracardiac anomalies because radioisotope appeared in both the chambers almost simultaneously, but the abnormal great artery orientation was diagnostic in each instance. Radioisotope angiography was of special value in two patients with congenital complete heart block in whom we were able to exclude the possibility that L-transposition existed without resorting to cardiac catheterization.
Radionuclide studies were performed in three infants with total anomalous pulmonary venous connection (TAPVC). In a 1-day-old infant whose chest X-ray suggested either TAPVC with pulmonary venous obstruction or pulmonary lymphangiectasia, the scan proved to be diagnostic of the former anomaly prior to hemodynamic and angiographic study ( fig.  5 ). Since obligatory admixture of systemic and pulmonary venous blood occurs at the atrial level in TAPVC, at the bedside a soft polyvinyl catheter was introduced percutaneously and advanced intravenously beyond the atrial level. 9mTc was injected after fluoroscopy and a pressure recording demonstrated that the catheter was positioned in the right ventricle. As figure 5 illustrates, the radioisotope clearance from the lungs was followed by radionuclide accumulation in the liver. Recirculation to the heart clearly followed the latter event. Thus, the scan was diagnostic of infradiaphragmatic TAPVC. Portal vein entrance of the pulmonary veins was demonstrated at operation.
Detection of Shunts
The pulmonary vascular radioisotope dilution curves in patients without left-to-right shunts were characterized by a rapid ascent and descent. The descending limb was interrupted relatively late by normally recirculat-ing isotope (fig. 2 ). The C2/C1 ratio was determined in six normal subjects, seven patients with heart disease unassociated with a shunt lesion, and in 24 with innocent heart murmurs. In four of the latter patients, the absence of an intraor extracardiac left-to-right shunt was documented by hemodynamic study. For the entire group the C2/C1 ratio averaged 22± 2.9% (SE), range 15 to 32% ( fig. 6 ).
Figure 5
Total anomalous pulmonary venous connection below the diaphragm. 99mTcO4was injected into the right ventricle. A few counts arise from isotope within the inferior vena cava (IVC) catheter. Upon clearance of isotope from the lung fields there is radionuclide accumulation below the diaphragm in the liver. The left-sided heart chambers are not visualized. It is only after tracer accumulation in the liver that reappearance occurs in the right-sided heart chambers.
In one patient without hemodynamic evidence of a cardiac malformation, the C2/C1 ratio at first isotope study was abnormally elevated (40%). It was apparent that a holdup and fragmentation of the 99mTcO4-bolus occurred at the junction of the axillary and subelavian veins. A repeat study with a more centrally positioned injection of radioisotope demonstrated a normal pulmonary isotope histogram and a C2/C1 ratio of 27%. By positioning the "aroi of interest" and inscribing a dilution curve over the vena cava, it is always possible to assess whether peripherally injected radionuclide arrives in the heart sufficiently intact to permit interpretation of pulmonary dilution curves.
In all 44 patients with a documented left-toright shunt, the descending limb of the pulmonary vascular isotope histogram was prolonged. In this group of patients, the C2/ C1 ratio averaged 57 + 10% (SE), range 34 to 96% (fig. 6 ). The relationship between the C2/C1 ratio and the pulmonary/systemic flow ratio determined at cardiac catheterization was examined in 25 patients in whom the two studies were performed within 24 hours ( fig. 7) . A statistically significant positive correlation existed between the two ratios (P < 0.001), r = +0.81). The regression equation for estimating the magnitude of the shunt was Qp/Qs =0.085 C2/C1-2.39. All of the patients with a Qp/Qs ratio in excess of 2:1 had C2/C1 ratios greater than 50%, while only one patient with a lesser shunt exceeded that value. Thus, a high-order correlation existed for the entire group, although an occasional patient with a small shunt (Qp/Qs<2:1) may have a C2/C1 ratio of similar magnitude to patients with markedly excessive pulmonary blood flow due to large shunts. It is clear that the absolute presence or absence of a shunt may be predicted with great accuracy with this technic, whereas the precise magnitude of the shunt is less well predicted in the absence of ancillary clinical data. In this regard, eight patients had a Qp/Qs of 1.2:1 or less, and in five of them shunts were detected by hydrogen but not standard oximetric technics. The presence of a Circulation, Volume XLV, April 1972 shunt was detected in each instance by an abnormal radioisotope pulmonary dilution curve. Moreover, in every patient who underwent radioisotope study prior to cardiac catheterization, the former method accurately predicted whether or not a shunt lesion existed. In this regard, the scanning method indicated correctly spontaneous delayed closure of catheter-proven patency of a ductus arteriosus in a prematurely born infant and of a ventricular septal defect in two children.
Discussion
External precordial scintillation scanning technics for the detection of left-to-right circulatory shunts have been studied extensively in the past.14' 18-20 A major problem with these methods relates to the inaccuracy of probe placement over the chest and the frequent inclusion in the counting field of more structures than are desirable. It should be emphasized that previous methods were especially difficult to employ in infants and small children, as well as in patients with significant cardiomegaly. The purpose of the present investigation was to develop an apparatus that would obviate these difficulties and allow the precise monitoring of an anatomic area of interest. This goal was realized by analog and digital processing of Anger camera data with a dedicated computercontrolled system. By placing the electronic "windows" of these systems accurately over a lung field, it was possible to inscribe timeactivity relationships suitable for analysis of intravenously administered o9mTcO04in-dicator passing through the pulmonary vascular bed.
The main finding of the present report was the highly sensitive and reliable separation of patients with, from patients without, left-toright circulatory shunts. Computation of a C2/C1 ratio in excess of 34% allowed both prospective and retrospective detection of shunts that were confirmed at cardiac catheterization by hydrogen-probe technics, but were often too small to be diagnosed by standard oximetry. Thus, the absolute presence or absence of a shunt could be predicted with great accuracy. The lowest and highest C2/C1 ratios were observed in patients with the smallest and largest shunt flows, respectively. Pulmonary/systemic flow ratios greater than 2:1 were associated with C2/C1 ratios greater than 50%. Since the radioisotope method is simple, requires 10 min or less to perform, and is both accurate and reliable, it has found its greatest application as a convenient screening test in patients with heart murmurs of uncertain etiology. In this regard, it would not be anticipated that the descending limb of a pulmonary vascular dilution curve be greatly influenced by a slow washout of isotope from the left ventricle as might be seen in left ventricular failure and in mitral and/or aortic regurgitation, whereas tricuspid or pulmonary regurgitation would be expected to modify the curves and result in a prolongation of the downslope of the isotope histogram. Fortunately, these lesions are extraordinarily rare in infants and children with heart disease.
In dealing with the common problem of a child with an equivocal precordial murmur, radionuclide angiography may offer a strong statement to parents concerning the significance of the murmur, an associated reduction in both parental anxiety and the costs of repeated clinical, electrocardiographic, and radiographic evaluations, and supports decisions concerning the advisability of antibacterial prophylaxis.2' In addition to objectively excluding a shunt in individuals with equivocal cardiac murmurs without resorting to hemodynamic study, the radioisotope technic is of value in patients who have undergone operative closure of their shunts. In such patients postoperative catheterizations may be avoided if the scanning method clearly indicates the absence of a shunt. In the present study, the presence of a residual shunt was excluded in three of four patients in whom it was suspected, after correction of tetralogy of Fallot. The remaining patient had a C2/C1 ratio of 38% and a Qp/Qs of 1.2:1 at postoperative hemodynamic study.
The serial inscription of pulmonary vascular radioisotope dilution curves also offers an excellent means for assessing the natural history of selected, specific malformations. In particular, since scanning is simple and effective even in small infants, its broad application when ventricular septal defect is suspected may be expected to uncover the true incidence of spontaneous closure of the anomaly. Moreover, in patients with initially large left-to-right shunts a significant reduction in the C2/C1 ratio may support other clinical findings suggesting the onset of pulmonary vascular obstructive disease and signify the desirability of determining the pulmonary vascular resistance at cardiac catheterization.
The present study also extends the applications of radionuclide angiography to provide valuable information concerning the anatomic details of cardiovascular malformations. As table 1 indicates, a large number of patients with cardiovascular anomalies other than those illustrated in this report underwent radionuclide angiography. The findings upon visualization of the anatomic and hemodynamic alterations of the heart and great vessels in these patients have been the subject of previous detailed reports from this and other laboratories. 6' 8, 15-17 In general, the radioisotope images have closely reflected the findings observed by standard contrast angiocardiography. Those findings that produce especially characteristic scintiphotos after intravenous 99mTc04-include the large right atrium in Ebstein's malformation, aneurysmal dilatation of the pulmonary arteries in tetralogy of Fallot with absent pulmonary valve, Circulation, Volume XLV, April 1972 asymmetric septal hypertrophy in patients with idiopathic hypertrophic subaortic stenosis, persistence of a left superior vena cava, the position of the inferior vena cava and right atrium in patients with cardiac malpositions and visceral heterotaxis, aneurysms of the ascending or descending aorta, and the altered patterns of pulmonary perfusion after systemic arterial or systemic venous-pulmonary arterial anastomosis.3
While the sequential radioisotope images do not provide the same degree of fine detail as X-ray angiocardiograms, many altered intraand extracardiac flow patterns can be identified. In diverse clinical situations, the compromise in image resolution is acceptable and is balanced by the simplicity, speed, and safety of the method. Further, no toxic effects or untoward reactions to g9mTcO4solutions have been reported.4' 0. 8, 15 17 Scanning is especially suitable for defining great artery and cardiac chamber orientation and position, approximate chamber volumes, and the distribution of pulmonary blood flow.
